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Abstract 
Solvay has been involved for more than 50 years in Rare Earths production. In the 80’s, when Solvay also operated phosphates 
plants, the company conducted a very wide Research and Development program in the recovery of Uranium and Rare Earths from 
phosphoric acid. This program led to the development of several processes of solvent extraction from laboratory to pilot scale. 
Solvay has now the capability of designing and producing specific molecules for solvent extraction application based on the 
chemistry of phosphine and amines. The combination of both skills is key for addressing the new challenges of Wet-Process 
Phosphoric Acid process. 
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1. Introduction 
In the 70s and the 80s Rhône-Poulenc (previous name of Solvay1) had two plants in France for production of 
phosphoric acid from phosphate rocks by using sulfuric routes: Les Roches de Condrieu close to Lyon and Rouen in 
Normandy. At the same time Solvay also operated a plant in France (in La Rochelle) for rare earths production. In the 
late 70s the boom of color TV led to a sharp increase of the needs for some key rare earths elements like europium 
and yttrium. The systematic study of the rare earths content in the various ores used in the 2 phosphate plants showed 
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that the potential quantity of europium and yttrium to be recovered was significant compare to the needs of these 
elements at that time. At that time the main ore used by La Rochelle plant was monazite. Monazite is a rare earth 
phosphate containing uranium and in addition to rare earths, Solvay also had a small uranium production capability.  
The Rare earths purification and separation were done by solvent extraction. The design and in addition as a result 
the operation of a rare earths plant needs a wide competency in the field of solvent extraction of metals. By using the 
combination of its phosphate chemistry knowledge and its solvent extraction competency, Solvay developed a specific 
process for uranium and rare earths recovery from phosphoric acid. 
 
Nomenclature 
WPA  wet-process phosphoric acid 
RE   rare earths 
REO  rare earth oxides 
LRE  light rare earths 
HRE  heavy rare earths 
XRF  X ray fluorescence 
AA  atomic absorption 
D2EHPA Di 2 Ethyl hexyl phosphoric acid 
TOPO  Tri octyl phosphine oxide 
DOPPA  di octyl phenyl phosphoric acid 
OPAP  mixture of mono octyl phenyl phosphoric acid and di octyl phenyl phosphoric acid 
OPPA  Octyl pyro phosphoric acid 
2. Uranium and rare earths in the phosphate ores: 
All the phosphate ores contain varying quantities of rare earths and main of them contain uranium except igneous 
phosphates like Kola apatite, pyroxenite and foskorite. In the table 1 the typical RE, U and Th content of several 













1 In the text below the company name will be systematically “Solvay” whatever the historical name is. 
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Table 1. Uranium and rare earths content in some phosphate ores processed by Solvay in the 80s. 
      






La2O3 ppm 80  61 1010 
CeO2 ppm 110  36 2200 
Nd2O3 ppm 20  90 2670 
Sm2O3 ppm 13.5  20 310 
Eu2O3 ppm 1.5 1.7 2.3 54 
Tb4O7 ppm 3.5  1.6 2.3 
Y2O3 ppm 110 80 130 205 
Sc2O3 ppm 8.5 20 7 1 
ThO2 ppm 3.5  7 7.7 
U3O8 ppm 125 110 65 - 
Solvay data 1980-1984. Analyses done by XRF or AA. 
 
Moroccan and Jordanian apatites have a global REO content of 300 to 500 ppm with a quite high proportion of 
yttrium. South African pyroxenite has a much higher REO content (around 6500 ppm) with a RE distribution enriched 
in LRE (La, Ce, Nd). 
If in the 80s the key RE elements were Y and Eu due to the development of color TV, nowadays, due to the 
importance of permanent magnets (electric vehicles, wind turbines…), Nd and Dy content are of primary importance. 
However at that time analysis of Nd and Dy was not routine and so no data is available. Nevertheless, Tb content is a 
good marker of Dy. Indeed in all the ores the ratio Dy/Tb varies between 4 and 8. So, we can estimate that in these 
ores the Dy content should be quite close from one to the other and should vary between 10ppm and 40 ppm. 
3. Uranium and rare earths behavior during wet-process phosphoric acid: 
3.1. Standard behaviors: 
During the sulfuric attack of the phosphate rocks uranium and rare earths behave differently. It is well known that 
main of the uranium follows the acidic solution rather than the phospho-gypsum, but the behavior of RE and Sc is less 
known. In the table 2 the behavior of RE, Sc and U and shown for 4 different phosphate ores. 
 
Table 2. Uranium and rare earths behavior during the sulfuric attack for some phosphate ores combination used by Solvay in the 80’s. 
      
  Y2O3 Eu2O3 Sc2O3 U 
Youssoufia Ore 150 ppm 7.5 ppm 11 ppm 110 ppm 
(Morocco) Acid 10 mg/l 0.2 mg/l 11.5 mg/l 100 mg/l 
 Gypsum 108 ppm 1.7 ppm 0.7 ppm 7.5 ppm 
 Solubilization 
yield 
<5% 7% 90% >91% 
El Hassa Ore 80 ppm 1.7 ppm 5 ppm 60 ppm 
(Jordan) Acid 10 mg/l 0.1 mg/l 4.7 mg/l 40 mg/l 
 Gypsum 60 ppm 1.3 ppm 0.3 ppm 20 ppm 
 Solubilization 
yield 
<10% 5% 92% 57% 
Bucraa Ore 125 2.7 6.5 60 
(Morocco) Acid 30 0.3 7 50 
 Gypsum 80 1.5 0.3 <5 
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 Solubilization 
yield 
18% 12% 93% 90% 
Pyroxenite  Ore 190 ppm 70 ppm 1.4 ppm <5 ppm 
Palfos Acid <5 mg/l 1.7 mg/l 1.2 mg/l <5 mg/l 
(South  Gypsum 155 ppm 52 ppm 0.3 ppm <5 ppm 
Africa) Solubilization 
yield 
<5% <3% 70% - 
Solvay data 1980-1984. Analyzes done by XRF or AA. 
 
The main points to be highlighted are: 
x Yttrium and europium solubilization yields are always low, 
x Scandium solubilization yield is always high 
x Uranium solubilization yield is high, but El Hassa ore leads to a much lower yield than Youssoufia and Bucraa 
ores probably due to oxidation degree in the ore. 
3.2. Additives aiming to improve the RE solubilization rate: 
As shown in the table 2 yttrium and europium mainly go to the gypsum in standard sulfuric acid attack conditions. 
The literature about RE recovery from phospho-gypsum is abundant and it shows that this leads to complicated 
processes. In addition, uranium and scandium go mainly to phosphoric acid solution, so the recovery of all the RE, 
scandium and uranium one needs to treat both phospho-gypsum and phosphoric acid. The reason why the major part 
of the RE follows the phospho-gypsum has been discussed and it is generally accepted that this is mainly due to RE 
fluoride complexes formation. In this frame the possibility to improve the solubilization rate of RE by adding some 
specific reagents aiming to form strong soluble complexes with F- has been widely studied by Solvay. Some of the 
key results are shown in the table 3. 
 
Table 3. Yttrium and europium solubilization improvement by adding specific chemical reagents.  
Some typical results got from various trials. 
 
Additive Solubilization yields 
Eu2O3 Y2O3 
None  7 to 10% <5% to 8% 
Na2CO3 alone No significant improvement No significant improvement 
Na2CO3 + 0.45% Al2O3 17% 13% 
Na2CO3 + 1% Al2O3 20% 48% 
Na2CO3 + 2% perlite 20 to 40% 54 to 64% 
Na2CO3 +  2% porosil 34% 64% 
Na2CO3 + 4.7% Na silicate 36% 59% 
Solvay data 1980-1984. Analyzes done by XRF or AA. 
 
As it can be seen the improvement is very significant with mixture of sodium carbonate and alumina, perlite (71.8% 
SiO2 + 13.05% Al2O3), porosil (71.5% SiO2 + 5.85% Al2O3) or sodium silicate. What should also be noted is that 
this improvement is even more significant for yttrium than for europium. 
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4. Rare earths and uranium recovery from WPA by solvent extraction: 
4.1. The different processes for uranium recovery and their efficiency for RE recovery: 
There are 3 historical processes aiming to recover uranium from wet-process phosphoric acid. All these processes are 
based on solvent extraction, but differ by the solvent used. The different processes and their characteristics are listed 
in the table 4. 
 
Table 4. The 3 processes for U and RE recovery from phosphoric acid 
Process D2EHPA+TOPO OPAP OPPA 
Inventor ORNL ORNL UPUK-Gardinier 







Tri octyl phosphine oxide 
Mixture of Mono octyl 
phenyl phosphoric acid + 
Di octyl phenyl 
phosphoric acid 
Octyl pyro phosphoric 
acid 
U recovery Yes Yes Yes 
RE recovery No No Partial 
 
Among these 3 processes only the process developed by UPUK Gardinier allows the recovery of RE as well as 
uranium.  
Nevertheless this process has two main drawbacks (see table 5): 
x The stability of OPPA is very low. 
x With OPPA uranium is much more extracted than RE and in standard conditions of U extraction the RE 
recovery is very low. In order to have a RE recovery of 80% one should increase the solvent flow rate by a factor of 5 
and by a factor of 10 to get a RE recovery equivalent to 95%. This would lead to a non-economic process (low 
productivity and high OPEX). 
 
Table 5. U and RE extraction from WPA with OPPA 
Solvent OPPA 
Solvent stability Low 
HF and H3PO4 extraction No 
Uranium specie extracted U IV 
U / RE selectivity ~10 
RE recovery 10% to 20% 
4.2. The Solvay experience with DOPPA + TOPO: 
In the late 70s beginning of the 80s Solvay did a lot of work on the D2EHPA+TOPO process for uranium recovery 
from phosphoric acid and went to a full industrial scale Pilot in its Rouen site. Thus it was clearly established that if 
this process is well adapted to the uranium recovery it cannot be used for the rare earths recovery. 
So from 1980 Solvay started to work on a new process aiming to recover both U and RE. The target was to have the 
distribution coefficients of U and RE as close as possible in order to have a good recovery of both species and no 
drawback during the stripping step. 
In the table 6 are reported some results got with different types of solvent. 
 
  
278   Alain Rollat /  Procedia Engineering  138 ( 2016 )  273 – 280 
Table 6.  Partition coefficients of U, RE and Fe with various solvents  
 Phosphoric acid as is Phosphoric acid with reducing agent addition 
 U VI Eu Y FeIII U IV Eu Y FeII 
OPA 1 2.8 15 0.1 100 4.5 14 0.01 
D2EHPA 2 0.015 0.3 0.01 0.01    
D2EHPA+TOPO 10.5  0.2  0.3    
OPA = Octyl phosphoric acid 
 
These results show that all these solvents either have a too high selectivity between U and RE or have a too low 
distribution factor for U or RE. 
Finally, in 1983 Solvay designed a new process based on a synergetic solvent containing DOPPA (di octyl phenyl 
phosphoric acid) and TOPO (tri octyl phosphine oxide).  
In the table 7 are reported typical partition coefficients got between a phosphoric acid containing 30% of P2O5 and 
an organic phase containing a mixture of DOPPA and TOPO. 
 
Table 7.  Partition coefficients of U, Y, Eu and Fe with DOPPA+TOPO 
 H3PO4 solution (30% P2O5) without addition of 
reducing agent 
H3PO4 solution (30% P2O5) with addition of reducing 
agent (Fe°) 
P(U)  6 (U VI) >25 (U IV) 
P(Y) 10 >25 
P(Eu) 1.2 9.5 
P(Fe) 0.4 (FeIII) 0.1 (FeII) 
Initial aqueous phase: P2O5 30%; U = 135mg/l; Y2O3 = 150mg/l; Eu2O3 = 3mg/l; Fe = 7g/l 
Organic phase: DOPPA 23% +  TOPO 5% in a specific diluent formulation. 
 
The fundamental behaviors of U and RE are quite similar in both reduced and non-reduced solution. Nevertheless 
because FeII is much less extracted than FeIII, in reduced solution the concentration of free extractant is higher in 
reduced solution leading to a higher partition coefficient of U and RE. 
In the 70s and 80s a commercial product called OPAP was produced by Mobil Oil. This product is a mixture of 
mono octyl phenyl phosphoric acid (MOPPA) and di octyl phenyl phosphoric acid (DOPPA), but the Solvay process 
requires using the mono acid without the di acid. A specific process based on solvent extraction has been designed to 
separate the di acid (MOPPA) from the mono acid (DOPPA). A pilot plant has been designed and a product containing 
98% of mono acid with a recovery of 92% has been produced. 
Then, a pilot plant based on the mixture of DOPPA + TOPO  has been designed and operated for several weeks. 










































Figure 1. Process flow sheet of the Pilot plant operated by Solvay in the 1983 
 
Two important steps of this process must be commented: 
1. Triphasic stripping: In this flow sheet the back extraction (stage 6) leads to a precipitation into the 
aqueous/organic emulsion and needs to design a specific settler able to separate this mixture into 3 phases: 
x An organic solution which is sent to stage 7 for final washing, 
x An aqueous solution which is mixed with the washing solution coming out of the stage 7. This mixture is 
then concentrated and the concentrated solution is sent to stage 6 and used as stripping solution 
x A solid containing the U and RE 
Different types of centrifuges have been tested. 
2. Concentration of the stripped solution: The aim of this step is to increase the H3PO4 concentration in order 
to improve the stripping efficiency, but also to remove part of the HF co extracted at the extraction step. This 
partial removal is one of the important parameters of the process. Indeed, the fluoride which is sent back to 
the stripping solution will help the recovery of the RE, but at the same time an excess of fluoride will lead to 
a RE concentrate more difficult to treat. Finaly, several concentration processes leading to different RE 
concentrates have been tried (table 9). 
The quality of the different flows are reported in the table 8. 
 
Table 8. Analysis of the flows obtained from the pilot plant as designed in figure 1 
Flow N° 1 2 4 6 




P2O5 (%) 29.5 6 to 10 29.4 45 to 55 
U (mg/l) 135 <5 <5  
Y (mg/l) 125 <5 <5  
Fe (g/l) 9.2   25 to 45 
F (%)  4 to 7  1.5 to 5 
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Different qualities of solid have been obtained as green cakes.  The analysis of some of these green cakes are reported 
in table 9. 
 
Table 9. Quality of the green cakes recovered after drying 
Ore Morocco + Togo Florida Morocco 
P2O5 % 12.8 37.7 42 
F % 31.5 8.9 16.4 
Ca % 4.3 10.3 11.9 
U % 7.9 5.6 7.9 
REO % 25.7 8.6 5 
REO distribution    
La2O3 % 3.5 3.1 4.2 
CeO2 % 10 5.2 3.5 
Pr6O11 % 1 0.9 0.9 
Nd2O3 % 5.5 3.4 3.7 
Dy2O3 % 4.6 4 3.9 
Tb4O7 % < 0.2 0.5 0.5 
Y2O3 % 52 61.1 59 
 
It can be seen from table 9, that by improving the evaporation process used for the concentration of the stripped 
solution, the F removal can be greatily improved (Morocco + Togo = evaporation process 1, Florida and pure Morocco 
= evaporation process 2). 
5. Conclusions: 
A solvent able to recover uranium and rare earths from wet process phosphoric acid has been designed. This solvent 
is a mixture of DOPPA and TOPO with a specific formulation of diluents. 
A pilot plant based on this solvent has been operated in 1983 by Solvay with various types of phosphoric acid solutions 
produced from different ores. The stripping step of this Pilot plant has a very specific design aiming to work with a 
triphasic medium (organic, aqueous and solid phases) and the concentrate of uranium and rare earths is recovered 
directly in a solid phase. Depending on the operationnal conditions and on the ore, this solid can contain between 5% 
and 25% REO. 
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